The purpose of this study is to evaluate the carrier capability of collagen-hydroxyapatite/tricalcium phosphate (Col-HA/TCP) microspheres to the rhTGF-b 1 (recombinant human transforming growth factor-b 1). After anesthesia, a bone defect (7.0 mm in diameter and 10.0 mm in depth) was created at the distal femoral condyles of New Zealand white rabbits. These defects were then completely filled with the implant materials. After 5, 7, 9, 11, 13, and 15 weeks, the animals were sacrificed and histological evaluations were performed. The results showed that when the defects were treated with Col-HA/TCP microspheres without rhTGF-b 1, there was only spotty new bone formation during the 15 week experimental period and most of the defect was filled with fibrous tissue and inflammatory cells, whereas active bone formation with mature marrow tissue formation was evident in the defect treated with Col-HA/TCP microspheres containing rhTGF-b 1. Collagen-hydroxyapatite/tricalcium phosphate microspheres were expected to be replaced by the regenerated bone structure as the bone reconstruction and bone-remodeling process occurred. It was apparent that bone regeneration was influenced by the addition of rhTGF-b 1. Collagen-hydroxyapatite/tricalcium phosphate microspheres were a good carrier for rhTGF-b 1.
Congenital or acquired bone defect is a major problem in orthopedic surgery. The use of autogenous and banked allogenic bone grafts to induce the formation of bone in bone defects has become common (1) . Autografts are preferably used because of their superior efficacy and capability of avoiding transmission of infection. However, it does have drawbacks, including donor site morbidity and limited availability, particularly in children (2) . The effectiveness of allografts is limited by problems such as the high cost of bone banking, potential of graftrelated disease transfer, high rates of nonunion and infection, and allograft fractures (3) . Despite the efficacy of these conventional methods, problems associated with their use have led to a search for alternatives (4, 5) . Toward that goal, we evaluated the effect of a collagen-hydroxyapatite/tricalcium phosphate (Col-HA/TCP) microsphere containing rhTGF-b 1 (recombinant human transforming growth factor-b 1) on the healing of metaphyseal bone defects.
Produced by all skeletal tissues, TGF bs potently regulate cell proliferation, differentiation, and matrix synthesis (6, 7) . It is the capacity of TGFs to promote chondroblastic and osteoblastic differentiation (8) , which suggests an autocrine or paracrine role in this process (9) , that is of considerable use in bone repair. Using different models, several investigators have analyzed the stimulation of bone healing by TGF b (7, 8, 10, 11 However, a satisfactory delivery system for rhTGF must be developed before it can be used in humans. Some investigators have described a tricalcium phosphate carrier for rhTGFs (12, 13) , where collagen and hydroxyapatite have been used as bonefilling materials in orthopedic surgery (14) . The collagen fibers are known to serve as the scaffold for tissue repair (15) and hydroxyapatite is compatible and osteoconductive for bone regeneration. Although the dense hydroxyapatite disc is not biodegradable, particulate hydroxyapatite can be removed and remodeled in the host (16) . Direct implantation of hydroxyapatite or tricalcium phosphate particles result in the dislocation of material within the tissue. When used as bone grafts, hydroxyapatite or tricalcium phosphate powders are often mixed with collagen (17) , gelatin (18) , or fibrin glue (19) to eliminate undesired mobility.
Although most of the collagen matrices are prepared in a slab form, spherical composites of collagen and hydroxyapatite are more versatile in biomedical applications. Other than being used for cell culturing, spherical gel beads have greater flexibility in filling different geometric cavities with a closer packing than gels with nonspherical shapes. Microspheres composed of Col-HA/TCP are also injectable for repairing tissue defects. In this study, we used an entirely different strategy of collagencontaining microspheres, which did not induce an immune response from the host (20) , as a delivery system for rhTGF. The purpose of this study was to examine the effect of collagen-hydroxyapatite/ tricalcium phosphate microspheres containing rhTGF-b 1 to repair a critical-sized defect in the rabbit distal femur. Bone formation and healing at the site of the defect were evaluated with the use of histological techniques.
MATERIALS AND METHODS

Preparation of implanted materials
Microspheres (200-300 mm) comprised of biphasic particulate hydroxyapatite/tricalcium phosphate dispersed in fibrous collagen matrices were prepared as described previously (20) . Briefly, the procedure involved the droplet formation of a hydroxyapatite/tricalcium phosphate/collagen mixture (wt/wt; hydroxyapatite 39%; tricalcium phosphate 26%; collagen 35%) emulsified in olive oil, followed by the reconstitution of collagen in the presence of hydroxyapatite/tricalcium phosphate particles at 37°C. Microspheres sized at 200-300 mm could be obtained by controlling the stirring speed of the emulsified mixture at 400 rpm, when 2% Span 85 was present in the emulsion mixture. The microspheres thus obtained can be used as carriers of growth factors to support the growth of osteoblast cells.
Operation and implantation
Twelve New Zealand white male rabbits with an average weight of 2.5-3.0 kg were used in this study. The animals were fed Purina Laboratory Chow ad libitum and housed in a temperature-, humidity-, and light-controlled environment. Surgical procedures and experimental protocols were approved by and under the supervision of the Medical College's Animal Research Committee of the National Taiwan University. The rabbits were anesthetized by ketamine (25 mg/kg, s.c., Sintong, Taiwan, ROC) and Combelen (N-[3¢-dimethyl-aminopropyl]-3-propionylphenothiazine; 5 mg/kg, s.c.; Bayer AG, Leverkusen, Newbury, England) and local administration of 0.5% lidocaine. After shaving, disinfecting, and sterile draping of the operation site, the femoral condyles were exposed by lateral longitudinal incision. Initially, a bone defect was created by a 3.2 mm drill and subsequently expanded with a 6 mm drill. All the drill holes were carefully rinsed with Ringer's solution so that any abraded particles formed during drilling were removed. These defects were then completely filled with the implant materials. The periosteum, fascia, and skin were sutured layer by layer. After 5, 7, 9, 11, 13, and 15 weeks, the animals were sacrificed with an overdose of intravenous pentobarbital. A total of 12 rabbits divided into six groups for the above experimental time periods were used in the study. In the pilot study, we showed that there was no evidence of bone healing when the defects were left untreated (21) . In this study, the defects at both sides were implanted with Col-HA/TCP microspheres before the closure of the wound, while in the right side 10 mg rhTGF-b 1 (R & D Systems, Inc., Minneapolis, MN, U.S.A.) was injected into the bone defect to mix with the Col-HA/TCP microspheres. The animals were allowed to recover from anesthesia, and placed in cages until the end of the experiment.
Histological evaluations
The hindlimbs were harvested from the treated animals at the mentioned time periods after operation. Implants and surrounding tissues were removed en bloc, washed in normal saline, and fixed with 4% formaldehyde in phosphate-buffered solution for 18 h, decalcified, dehydrated in alcohol, cleared in xylene, and embedded in paraffin. Sections (5-7 mm in thickness) were cut and stained with hematoxylin
606
J.
-S. SUN ET AL.
and eosin. Representative sections were photographed using light microscopy. Four sections were cut for each implant, parallel to the major axis.
RESULTS
Histological evaluation
Only spotty new bone formation within the metaphyseal defect was observed in the group treated with Col-HA/TCP microspheres alone. The large part at the center of the defect remained free of bony tissue during the entire course of the test up to 15 weeks, and was filled with fibrous tissue and inflammatory cell infiltration. The implanted collagen fibers were still visible at this stage and showed evidence of degeneration. When the results obtained were evaluated as a function of time, it appeared that the inflammatory cell infiltration became more apparent as time elapsed. In other words, progressive increased inflammatory reaction within the defect cavity was detected (Figs. 1-6, rhTGF [-] ).
When the metaphyseal defect was filled with Col-HA/TCP microspheres containing 0 mg of rhTGF for 7 weeks, lymphocyte infiltration and large multinucleated giant cell proliferation were visible.
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Artif Top panel, rhTGF (-): They demonstrate numerous areas of lymphocyte (L.C.) aggregation and formation of nodules. The Col-HA/TCP microspheres (Col.) are surrounded by lymphoid tissues. The higher magnification in the insets shows lymphoid cell (L.C.) proliferation (HE stain; bar, 100 mm).
Bottom panel, rhTGF (+): There are still areas of lymphocyte (L.C.) aggregation and the higher magnification in the insets shows that a defect filled with Col-HA/TCP microspheres (Col.) is well surrounded by regenerated bony trabeculae. In this section, the bone marrow formation (B.M.) is quite evident (HE stain; bar, 100 mm).
The Col-HA/TCP microspheres were evident and only scanty bony trabeculae regeneration was found ( Figs. 1 and 2, rhTGF [-] ). At 9 weeks, marked fibrous tissue proliferation between the areas of Col-HA/TCP microspheres was found and there was numerous large multinucleated giant cell proliferation present (Fig. 3, rhTGF [-] ). At 11 weeks, lymphoid tissue proliferation and nodule formation became quite evident (Fig. 4, rhTGF [-] ). Marked fibrous tissue proliferation between the areas of the Col-HA/TCP microspheres with only scanty bony trabeculae formation was visible at 13-15 weeks after implantation (Figs. 5 and 6, rhTGF [-] ). At 15 weeks after implantation, chronic inflammatory cell infiltration was observed in addition to large multinucleated giant cell proliferation (Fig. 6, rhTGF [-] ).
A dose of 10 mg of rhTGF-b 1 produced numerous isotropically oriented trabeculae. Active new bone formation was evident in the group treated with Col-HA/TCP microspheres with rhTGF-b 1 addition (Figs. 1-6, rhTGF [+] ). At 5 weeks postoperative ( Bottom panel, rhTGF (+): The size of bony trabeculae seemed to decrease in size and there is multinucleated giant cell (G.C.) formation adjacent to the bony trabeculae without collagenhydroxyapatite/tricalcium phosphate microspheres present. In this section, the bone marrow formation (B.M.) and areas where the Col-HA/TCP microspheres were solubilized and washed out by solvents (white areas, such as the one with the star) are also evident (HE stain; bar, 100 mm). defect that was filled with Col-HA/TCP microspheres containing 10 mg of rhTGF-b 1. Seven weeks after implantation (Fig. 2, rhTGF [+] ), woven bone regeneration was found in the defect cavity in which active bone marrow formation was observed. At this stage, inflammatory cell infiltration with giant cell formation was still quite evident. During 9-11 weeks after implantation (Figs. 3 and 4, rhTGF [+] ), the breakdown and dissolution of Col-HA/TCP microspheres and bone marrow formation were observed in the histological sections. The regenerated bone decreased in size and there were multinucleated giant cells growing adjacent to the regenerated bone trabeculae. At 13 weeks after implantation (Fig. 5,  rhTGF [+] ), the breakdown and dissolution of the Col-HA/TCP microspheres was quite obvious. At the same time, the regenerated bone increased in size and the maturation of bone marrow was even more pronounced. At 15 weeks after implantation (Fig. 6,  rhTGF [+] ), the implant gradually dissolved and was replaced by the bony structure. The laminar bone appeared, and the Col-HA/TCP microspheres continued to be dissolved, digested, and replaced by the physiological bony marrow tissue, which was filled with active bone marrow cells. It was apparent that bone regeneration was occurring in connection with, (9, (22) (23) (24) . TGF-b influences a broad range of cellular activities, including growth, differentiation, and extracellular matrix synthesis. TGF-b is found in many tissues, but is particularly enriched in bone, platelets, and cartilage. It is presumed to be released by platelets after a clot is formed at the time of fracture (25) . It has been hypothesized that the release of TGF-b 1 is associated with proliferation of periosteal tissue because there is positive immunostaining for TGF-b 1 in the early fracture-healing period. Several other experimental studies have validated the effectiveness of TGFs for the stimulation of bone formation (7, 26) . Locally delivered TGF-b 1 is the most potent stimulator of bone ingrowth tested to date, exceeding the amount of bone formation obtained following autogenous cancellous bone grafting (27) and many other tested agents (28, 29) . In other contexts, local delivery of exogenous purified or recombinant TGF-b 1 has been found to enhance fracture healing (30, 31) , induce skull defect closure (32), accelerate orthotopic osteoinduction by demineralized bone matrix (33) , enhance fixation of ceramic-coated implants (11) , and stimulate bone marrow osteoprogenitor activity and matrix synthesis (34) . It is difficult to draw conclusions regarding the efficacy of TGF-b on the basis of these studies of experimental fracture healing because different isoforms and doses of growth factor were used and different animal models were employed. Although the results of these studies confirm the hypothesis that TGF-b enhances cellular proliferation, the osteoinductive potential of TGF-b seems limited.
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The importance of the delivery system was noted in all of these studies. The ability to deliver a molecule so that it will induce a specific biologic effect is critical to the success of growth factor therapy. A number of carrier and delivery systems, including type I collagen, synthetic polymers, and hyaluronic acid gels, have been used to deliver recombinant proteins in experimental and clinical models (35) . A variety of so-called bone graft substitutes, including demineralized bone matrix, calcium phosphatecontaining preparations (such as hydroxyapatite, coralline hydroxyapatite, and Bioglass), are also potential carriers for recombinant proteins (35) . A highly characterized polymer must be used to ensure the reproducibility among experiments, tissue biocompatibility, biodegradation, and delivery of growth factors to bone defects. We chose a method of volume expansion-solvent extraction curing to prepare characterized Col-HA/TCP microspheres to deliver selected doses of rhTGF-b 1. The delivery system releases and localizes the TGF, ensuring interaction with mesenchymal cells that can differentiate into osteoblasts. The delivery system also provides instructional guidance as a template to renew osseous contour.
In our previous experimental studies, rhBMP-4 had been implanted in combination with collagen/ hydroxyapatite microsphere systems (21) . However, due to the slow resorption rate and larger size of hydroxyapatite (600 mm), there was numerous giant cell formation accompanied by a significant amount of residual hydroxyapatite particles after 2 months post-operation (21) . In this study, we added tricalcium phosphate to facilitate the degradation rate of the bioceramics. The main purpose of this study was to determine whether local application of Col-HA/TCP microspheres carried rhTGF-b 1-enhanced bone ingrowth into a metaphyseal defect.
Previous studies have shown that calcium phosphate treatment of porous-coated implants enhances bone ingrowth (36, 37) , but in the present study the Col-HA/TCP treatment was not stimulatory. Despite our efforts to optimize the polymer delivery system, multinucleated giant cells were a component of the wound-healing response. There appeared to be more multinucleated giant cells and lymphocytes in the defects filled with a Col-HA/TCP microsphere implant without rhTGF-b than in the defects filled with an implant with rhTGF-b. Multinucleated giant cells were present throughout the 15 weeks of the study (Figs. 1-6 ). Despite the inflammatory reaction to Col-HA/TCP microspheres, rhTGF-b 1 promoted new bone formation (Figs. 1-6 ). Moreover, there was no adverse clinical sequelae (such as swelling or the formation of sinus tracts) associated with the implants. Remnants of crystalline Col-HA/TCP microspheres still can be detected with microscopy at 15 weeks; however, most of them were enclosed within the regenerated bone trabeculae (Fig. 6) . Several factors may be responsible for these observations. The rhTGF-b and polymer may have influenced the phenotype, quantity, and activity of cells, thereby affecting the environment of the defect, biodegradation of the polymer, recruitment and stimulation of This study showed that local application of rhTGFb 1 strongly enhanced local bone ingrowth and gap healing and that bone regeneration was stimulated at a remote site (Figs. 2 and 3) . Bone ingrowth and gap healing occur via the intramembranous (as opposed to the endochondral) pathway because of previously reported chemotactic, mitogenic, and synthetic effects of TGF-b 1 on cells of the osteoblastic lineage (34, 38, 39) . The morphologic observations of increased trabecular thickness and number (Figs. 5 and 6) are consistent with these proposed mechanisms of action. In addition, the effect on trabecular architecture in the gap supported the interpretation that local application of rhTGF-b 1 enhances bone regeneration by stimulating recruitment and proliferation of osteoprogenitor cells and by increasing production of the extracellular matrix by committed osteoblasts.
Previous studies have found anabolic remodeling effects at remote sites following local injury to the skeleton (40, 41) . The mechanisms underlying remote effects on remodeling and regeneration are unknown, but most authors have postulated that local injury leads to the local release and/or synthesis of growth factors that then enter circulation (42, 43) . The present experiment indicates that local application of rhTGF-b 1 can have remote effects on bone regeneration as evidenced by the increase in the volume fraction of the bone in the gaps of the contralateral control limb (Fig. 2) . Currently, osteogenic growth peptide and TGF-b 1 seem to be the most likely sources of the systemic remodeling effect (44) . It is plausible that the same factors may be involved in the remote stimulation of bone regeneration. In light of studies showing that systemic administration of TGF-b inhibits immobilizationinduced bone loss (45) and stimulates local wound healing (34) , the simplest interpretation of our observation is that release of TGF-b from the implant and transport via circulation stimulated bone regeneration at the remote site (46) .
Although several recombinant proteins may soon be available as therapeutic growth factors for specific clinical applications, there is concern that a single dose of exogenous protein will not induce an adequate biologic response in patients, particularly in situations in which the viability of the host bone and surrounding soft tissues is compromised. To address this potential concern, a better strategy for protein delivery may be gene therapy. An important aspect of gene therapy is the application of appropriate vectors for genes. A major concern related to the use of viral vectors is the subsequent recombination of the defective virus with viruses in the host cell, resulting in the generation of replication-competent viruses with the ability to multiply in the patient. In addition, cells infected with certain viruses (e.g., adenoviruses) produce not only the transgene product but also other viral proteins (35) . The results of the present study show that rhTGF-b 1 delivered in Col-HA/TCP elicits bone formation in metaphyseal bone defects. There was clear morphological evidence that 10 mg of rhTGF-b 1 promoted the formation of new bone. Furthermore, the rhTGF-b 1 and Col-HA/TCP microspheres were clinically convenient to use, biocompatible, and biodegradable, thus increasing the potential therapeutic value of this combination for the stimulation of new bone formation in bone defects in a clinical setting. We conclude that TGF-b 1-containing collagen/hydroxyapatite/ tricalcium phosphate microspheres show promise as an agent to promote bone regeneration of critical size bone defects.
